A large variety of natural phenomena encountered in physics, chemistry, and biology are attributed to diffusion processes. Fractals induced by diffusion phenomena have attracted much attention in the past decade ͓1-5͔. There exist several different kinds of diffusion-induced fractals. Fractal growth based on the mechanism of diffusion-limited aggregation ͑DLA͒, which involves Brownian motion of particles, was first introduced by Witten and Sander ͓6͔. This mechanism has been tested experimentally in various fields, such as crystal growth, electrochemical deposition, viscous fingering, and dielectric breakdown, which are all governed by the same growth rule ͓7-10͔. Another kind of diffusion-limitedaggregation fractal reported recently was named as fieldinduced DLA, where the fractal patterns are caused by the dipole interaction of particles under the magnetic or electric field ͓11,12͔. Furthermore, fractal formation during the solidification process, which involves precipitate diffusion and irreversible aggregation, has drawn much more attention regarding the transition between a stable growth of traditional dendritic or cellular pattern and fractal pattern ͓13,14͔.
In this paper we report experimental phenomena of fractal pattern formation by the reactive wetting and dewetting of an eutectic SnPb binary alloy on smooth Au/Cu/Cr multilayered thin films. We demonstrate that in wetting, the wetting front of the eutectic SnPb alloy has an unusual fractal character upon solidification; the fractal grows against the wetting direction, from the wetting front to the center of the cap. However, in dewetting, which occurs when the molten SnPb alloy consumes all the Au/Cu thin film and reaches the unwettable Cr surface, fractal patterns are formed by the Sn-Pb leftovers on Cr.
P-type ͑100͒ Si wafers with 3000 Å of thermally grown SiO 2 were used as the substrates. Films of Cr, Cu, and Au were sputtered sequentially onto the SiO 2 under a base pressure of less than 2ϫ10 Ϫ7 torr, and formed a layered structure of Au͑500 Å͒/Cu͑1 m͒/Cr͑800 Å͒, where Au was the top layer. During reflow testing, a SnPb ball of a certain weight, together with the substrate, was put into a container with circular openings at the bottom. The container was then immersed in RMA 197 soldering flux ͑Kester Co.͒ inside a beaker that sat on top of a hot plate which was kept constant at 250°C. The flux temperature difference between the bottom and top of the beaker caused natural circulation of flux, which brought fresh flux to the sample surface. Samples were taken out of the beaker after the scheduled time and cooled down to room temperature before being cleaned in ethyl alcohol. Figure 1͑a͒ is a schematic cross-sectional diagram that shows an early stage of wetting of an eutectic SnPb cap on the Au/Cu/Cr layered thin film. The cap has a diameter of approximately 2.8 mm. Experimentally, it was observed that the wetting angle ͑about 9°͒ did not change with reflow time while a very thin precursor band ͑less than 0.1 m thick here͒, called ''sideband,'' kept growing larger from the edge of the SnPb cap. A scanning electron microscope ͑SEM͒ with energy-dispersive x-ray analysis ͑EDX͒ was used to detect the chemical composition of the sideband after the sample was cooled down from the reaction temperature. It was determined that at the front edge of the sideband there was a band of Pb islands. In between the front edge of the sideband and SnPb cap there existed a distribution of Sn, Pb, Cu, and a very small amount of Au. Figure 1͑b͒ is a SEM backscattering image of the sideband and solder cap edge, where the dendritic pattern can be observed near the SnPb cap edge after 1 min at 250°C. Its composition was determined by EDX to be a Pb-rich PbSn alloy. Figure 1͑c͒ shows the wetting edge of another sample after 20 min at 250°C. The treelike fractal can be seen clearly and is also a Pb-rich PbSn alloy. At higher magnification we can determine that the Pb fractal formed at the surface and the matrix surrounding it has the characteristic complex lamellar phase of SnPb eutectic. We notice not only that the shapes of the Pb͑Sn͒ precipitates in the two cases are different, but also that their starting-edge locations are different. The dendritic pattern in Fig. 1͑b͒ is quite common for precipitates during directional solidification. Due to the short wetting time, we find only Pb islands at the sideband tip, which can be identified by the narrow white coastline in Fig. 1͑b͒ . It is easily understood that Sn was depleted by the reaction with Au/Cu underneath the SnPb cap, and the excess Pb would precipitate out during solidification. However, the fractal pattern of the Pb͑Sn͒ precipitate in Fig. 1͑c͒ deserves more explanation.
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Experimentally, it has been observed that the sideband is a very thin layer and that its formation can be explained only by the diffusion of a very small amount of SnPb out of the SnPb alloy cap and the reactions with the Au/Cu both laterally at the sideband tip and in depth everywhere in the sideband. The measured sideband growth rate corresponds to a diffusivity of 15ϫ10 Ϫ8 cm 2 /sec at 250°C, which may suggest a surface diffusion mechanism. Since the reaction temperature is above the eutectic point of 183°C and below the melting point of Pb ͑327.5°C͒, SnPb must form a couple and come out of the SnPb cap together. An in situ Augerelectron-spectroscopy ͑AES͒ study of the sideband that formed during eutectic SnPb wetting on bulk Cu ͓15͔, which is a similar system, showed a decreasing surface concentration profile of Sn and Pb from the SnPb cap edge to sideband edge. It seems that the Pb-rich precipitates in Fig. 1͑c͒ have a concentration gradient that is opposite to the diffusion direction of either Sn or Pb. This can be understood if you realize that the local Pb/Sn ratio could decrease from the sideband tip to the SnPb cap edge, due to the fact that the sideband tip has Sn depletion due to the fast reaction with Au/Cu. However, closer to the solder cap edge, the reaction was in the vertical direction and had to go through the thicker diffusion barrier of the already-formed Cu-Sn compound ͓16͔.
Another key question has to do with when the fractal is formed. We hypothesize that it is most likely formed during solidification, not during the high-temperature reaction. The SnPb phase diagram ͓17͔ indicates that at 250°C the system can tolerate a Pb enrichment up to 67 wt% from its 37 wt% eutectic composition without Pb͑Sn͒ precipitation. During solidification, due to the local Pb/Sn ratio distribution at the sideband tip, where this ratio is the highest, Pb͑Sn͒ precipitated out first, and formed a band of islands. Pb precipitation occurs later and there is less of an excess of Pb as the ratio distribution moves closer to the solder cap. Since Pb has to diffuse a long distance to aggregate, some fluctuation in the system could trigger the fractal pattern formation. But this fractal could only extend a certain distance into the sideband and it stopped when the excess amount of Pb was too little. This entire process involves the diffusion of Pb and the irreversible aggregation of Pb, which is a typical DLA system. There are some experimental reports ͓13͔ and modeling work on fractal pattern formation during solidification ͓14͔. The uniqueness of our system is that the solidification, which is similar to that of constitutional supercooling, is governed mainly by the chemical-reaction-induced depletion of Sn, not just the temperature gradient as in a directional solidification system. In addition, since the solder cap has a much larger heat capacity than the sideband, there can be a lateral temperature gradient that enhances the directional solidification. It is emphasized that the dendritic and treelike fractal Pb precipitates were observed in the same system and their formation mechanism was hypothesized to be the same, which agrees with the point of view ͓6͔ that the diffusion-limitedaggregation fractal is a discrete version of dendritic growth, where the fluctuation in the diffusion field is high. Figure 2͑a͒ depicts the case where 0.5 mg of eutectic SnPb dewets from the center of the cap after all of the Au/Cu underneath the cap has been consumed at 250°C, and the Cr surface is exposed. Figures 2͑b͒-2͑d͒ show a series of SEM backscattering images indicating the evolution of the fractal formation during dewetting at different time steps. As reported by a previous study ͓16͔, during the reaction, Au dissolved into the molten SnPb ͑note that the amount of Au is very small͒ and SnCu compound (Cu 6 Sn 5 ) formed with scallop-type grains and, at the same time, ripening occurred among them. Owing to the finite amount of Cu, the Cu 6 Sn 5 eventually transformed into spheroids and spalled away from the interface, so that the molten SnPb contacted the Cr, which is an unwettable surface, and caused dewetting. Figure  2͑b͒ is the case after 10 min and Fig. 2͑c͒ is the case after 20 min where we can see that dewetting has begun at numerous spots. We note that the dark area is Cr on SiO 2 film, where SnPb has moved away and exposed the Cr to flux. The migration of the SnPb mass from the center to the edge is quite obvious, and we believe that the SnAu/Cu reaction at the edge reaction front could lower the system's Gibbs free en-FIG. 1. ͑a͒ Schematic diagram showing the side view of the SnPb alloy cap wetting on Au/Cu/Cr layered thin film ͑not to scale͒; ͑b͒ fractal-like pattern of a Pb-rich alloy formed after 1 min at 250°C; ͑c͒ treelike fractal of a Pb-rich alloy formed after 20 min at 250°C.
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ergy and work as the driving force for this mass migration. Eventually, the pattern of the SnPb left at the center of the cap forms fractals, which is the situation after 30 min of reaction as revealed in Fig. 2͑d͒ . A cross-section study of these fractals shows typically one or two Cu 6 Sn 5 particles wrapped by nearly eutectic SnPb. This is because the thickness of the SnPb that is left is so small that there is insufficient buoyancy force, and also, in ripening distribution, the larger Cu 6 Sn 5 particles survive. Where the CuSn compounds remain, they provide adhesion between the SnPb on top and the Cr beneath.
From Fig. 2͑c͒ and Fig. 2͑d͒ , it can be seen that two different processes occur. First, locally Cu 6 Sn 5 continues to spall away from some sites at the center part and allows the SnPb on top to move away. As the molten SnPb moves, the CuSn compound that it wraps around will be carried away. We hypothesize that the above process can be equivalently viewed as the ripening of the dark Cr exposed area, which is rather similar to grain growth if we regard each of the exposed areas as a grain. Globally, SnPb will diffuse to the edge of the solder cap and the cap grows bigger. The SnPb flow has to be accomplished through the interconnected fractal branches. This fractal formation is quite unique. It seems to be a reverse of the generic fractal-formation-like DLA process. For regular DLA, a random-walk particle gets stuck when it touches the growing aggregate branches. It starts with one seed and ends up with a fractal-covered surface. In our process, initially all the SnPb eutectic alloy can sit on top of the CuSn compound. Due to the reaction and ripening fluctuation and nonplanar nature of the Cu 6 Sn 5 formed, we end up with only some fractal shape of SnPb. Even though diffusion might be the limiting process in both systems, there seems to be more restriction to the diffusion process in our system as compared to the regular DLA, which has unlimited diffusion paths. More detailed dynamics study needs to be carried out. Actually this fractal is a metastable state. If we heat the sample substantially at 250°C for 70 min, all fractals of SnPb at the center are gone and a dark circular area of Cr is left at the center. The mechanism that takes SnPb out of the center area is the reduction of surface energy and chemi- cal reaction at the peripheral area of the solder cap. Also, we note that this mode of dewetting is unexpected. This is because if we only consider the reduction in surface energy, the half-donut shape of the SnPb alloy will not be the minimumenergy configuration, which should be a cap of larger wetting angle.
The dimensions of the two fractal patterns formed in Figs. 1͑c͒ and 2͑d͒ are obtained using the equation AϭL D f , where A is the area of the Pb ͑SnPb͒ fractal, L is the side length in number of pixels of the sampling square box and D f is the dimension of the fractal. The fractal image was obtained in 256 grayscale digital format and converted to binary grayscale format after appropriate grayscale criteria were chosen such that all of the fractal area turned out to be white ͑255 in grayscale͒ and the background was dark ͑0 in grayscale͒. By varying the length L while calculating the number of pixels covered by the fractal, we obtained the D f from the slope of log 10 (A) versus the log 10 (L) curve shown in Fig. 3 . The numerical result is that the dimension of fractal formed during reactive wetting is 1.79Ϯ0.06 for Fig. 1͑c͒ , while the dimension of fractal induced by dewetting is 1.83Ϯ0.07 for Fig. 2͑d͒ . Although the geometric outlooks of the two fractals are somehow not alike, their fractal dimensions are pretty close.
In conclusion, we have demonstrated experimentally that the fractal pattern formation within the sideband during the reactive wetting of eutectic SnPb on Au/Cu/Cr and the dewetting of SnPb from the Cr surface after the Au/Cu thin film are consumed. The former is based on an equivalent constitutional supercooling caused by the composition gradient of Pb/Sn as a result of chemical reaction within the sideband. The latter is characterized by a reverse process of general fractal formation where the driving force to take the particles out of the area of interest is again the chemical reaction at the cap edge.
